Fe/Si multilayers with strong bilinear and biqnadratic couplings were investigated. A complex structure revealed by the Mössbauer spectroscopy corresponds to multimode ferromagnetic resonance spectra in a non-saturated state. Simple dispersion relations for antiferromagnetic coupled bilayer structures are shown to be inapplicable to the Fe/Si multilayers with a strong biquadratic component to the antiferromagnetic bilinear coupling.
Fe/Si layered structure represents a unique exchange coupled system in which a non-magnetic spacer is spontaneously created by a solid-state reaction during deposition process. Using various experimental techniques the Eindhoven group [1] [2] [3] [4] concluded that Si spacer reacts with Fe creating a metallic, crystalline Si 50 Fe50 which, in a specific way, mediate the coupling. Except for a strong, bilinear antiferromagnetic (AF) coupling, there is a substantial, apparent biquadratic component which is ascribed to a depth-dependent inhomogeneous structure of Fe/Si. To obtain information on a possible inhomogeneous magnetic structure inherent to the spontaneous solid-state reaction between Fe and Si, we have extensively applied conversion-electron Mössbauer spectroscopy (CEMS) and ferromagnetic resonance (FMR).
The Fe/Si multilayers were prepared by rf-sputtering onto glass substrates. The individual Fe layer thicknesses were fixed at t Fe = 30 Á whereas the nominal thicknesses of Si layer varied between 8 Α and 22 Α in [tF e Fe/tSi Si]ß, layered structures with the number of repetitions N = 50. The structural characterization was performed by low-angle and high-angle X-ray diffraction (XRD) using Cu Κα radiation and the data obtained is in full agreement with earlier X-ray studies [5] .
The magnetic properties were studied using a vibrating sample magnetometer (VSM), CEMS and FMR at 9. 4 at ΗS = 10-12 kOe at tSi = 13 Å evidencing a strong AF exchange coupling. The convex shape of the magnetization loops suggests a substantial biquadratic contribution J2 to the interlayer exchange energy J 1 Μ1 • Μ2 + 2J2 (Μ1 • Μ2) 2 , where J1 is the bilinear exchange constant, M1 and Μ2 are the magnetizations of the adjacent magnetic layers. Fitting the theoretical magnetization loops, calculated by minimizing the total magnetic energy of the multilayers, to the experimental data gives J1 and J2. For example, J1 = 0.44 erg/cm 2 , J2 = 0.09 erg/cm2 for a [30 Å Fe/15 Á Si] 50 multilayer. For thinner nominal Si spacer, the biquadratic contribution is comparable to the bilinear term: for tsi = 11 Å, J1 = 0.62 erg/cm 2 and J2 = 0.52 erg/cm 2 .
CEMS which is sensitive to the local order of iron atoms provided information on the composition of Fe/Si multilayer structure. The data consists of complex spectra which can be related to (i) two non-magnetic components (about 25% of total Fe), (ii) a magnetically split, six-line subspectrum about three times broader than that of α-Fe suggesting a wide range of existing iron-rich suicides (50%) and (iii) a component with hyperfine field characteristic of α-Fe (25%). The first non-magnetic component (8% of total Fe) with the quadrupole splitting of about 0.4 mm/s and the isomer shift (IS) of about 0.2 mm/s can be related to a crystalline, metastable Si50Fe50 phase with CsCl structure [6] . The second single line (15%) non-magnetic component with IS = -0.04 mm/s is of unknown origin. The relative intensity of the constituent spectra changes with thickness of Si; for 8 Å Si no Si50Fe50 can be seen and for 22Å Si, about 21% of total Fe is in Si50Fe50 phase. In conclusion, the strongly AF coupled Fe/Si system represents a layered structure with partially alloyed ferromagnetic Fe layers and inhomogeneous crystalline non-magnetic iron silicide spacers.
In-plane FMR measurements were done both in the non-saturated (X-band -9.4 GHz) and nearly saturated (Q-band -33.6 GHz) states to study the changes of magnetic structure of Fe/Si on Si t as well as the evolution of magnetization configuration with the external magnetic field. Contrary to the results obtained by Inomata et al. [7] who reported FMR investigations of relatively weakly coupled Fe/Si multilayers, X-band FMR spectra of our samples are quite complicated revealing a large spread of the magnetic parameters across the film thickness. Generally, in the region of maximal AF coupling strength our X-band spectra consist of three modes: the fundamental mode and two higher order modes, one of which lies on the high and another one on the low field side of the fundamental mode as is shown in Fig. 1 . The insert in Fig. 1 shows a typical FMR spectrum of the [30Å Fe/13 Å Si] 50 multilayer. The high field mode at about 2500 Oe, characteristic of AF coupling, is of very low intensity as compared to the low field (900 Oe) mode characteristic of the F coupled regions, with the intensity (depend--ing on ts;) comparable to that of the fundamental mode. Such a behavior, i.e. the low field mode of a comparable intensity to the fundamental mode and an optic mode of negligible intensity, implies the presence of a mixed F/AF coupling. Usually the AF coupling strength is determined from the position of a weak optic mode [7] . We, however, have found it impossible to relate the position of the high field mode to the substantial AF coupling strength in a similar manner. We found that the position of the fundamental mode, which may be regarded as an acoustic-like mode, sensitively depends on coupling strength at X-band frequency, i.e., in the non-saturated magnetic state. Using the dispersion relations for the acoustic-like fundamental mode [8] that has all the magnetic layers precessing in phase, we determined the saturation field Ηs = 4Η Ε (HE is the exchange field) whose behavior on tsi is nearly the same as that determined from Ηs of hysteresis loops (Fig. 2) . We find such an approach useful for evaluating with FMR the coupling field strength in strongly AF coupled multilayers. The spectra taken at Q-band, where the magnetization configuration is in a nearly saturated state, consist of only one mode characteristic of an a c o u s t i c -l i k e m o d e d e g e n e r a t e d w i t h t h a t o f t h e s i n g l e l a y e r f e r r o m a g n e t i c r e s o n a n c e [ 8 ] . According to the dispersion relations in the saturated state, the position of the fundamental mode at Q-band is determined by the effective field Heff = 4πΜ S -2ΚU /Μs, where KU is the perpendicular anisotropy. In Fig. 2 it is seen that Η eff takes the bulk value of 22 kGs for t si = Ο Å, decreases with increasing tSi, and above tSi = 13 Å saturates at a constant value of about 13 kGs. Assuming that KU is negligible, such a behavior suggests magnetization of ferromagnetic layers diminishing with increasing tsi due to alloying effects.
In summary, we have investigated the strongly AF coupled Fe/Si layered structures in which the enhanced diffusion between Fe and Si creates defected non-magnetic crystalline silicide interfaces and partially alloyed ferromagnetic Fe layers. Dispersion relations for AF coupled bilayer structures, frequently used for analyzing FMR in multilayers, are shown to be inapplicable to the Fe/Si multilayers with a strong AF coupling and a substantial biquadratic component. We have found, however, that the AF coupling strength can be evaluated from the position of the fundamental mode at Xband frequency.
